Introduction
After the introduction of non-radioactive labeling methods for hybridization probes, in situ hybridization (ISH) methods became widespread in many fields of biology. ISH was first described for light microscopy (LM) (13) and became feasible for electron microscopy (EM-ISH) (8,15,21,23,24) after the introduction of hydrophilic embedding media such as Lowicryl(19) , LR White (17), and LR Gold (2).
These embedding media not only simpllfy EM-ISH protocols but also greatly facilitate LM-ISH with semi-thick sections. Conventional LM-ISH protocols for frozen or paraffin-embedded sections call for cumbersome pre-treatments of sections with proteinase, HCI, and detergents. This has proven unnecessary with Lowicrylor LR Gold-embedded specimens (22,23), and we have found that the same protocol can be folloked with both LMand EM-ISH. Therefore, LM-ISH became a useful and convenient technique to Labeling intensities of all gold grain sizes were essentially equal. Grain sizes of 5 nm and larger were highly preferable be-cause a d a b l e enhancement methods are unsatisfactoty for u l~d grains. The optimized immunodetection pmtocols are suitable for double hybridization with two m e rent probes and for combined hybridization and immunocytochemistry. (J Hktochem Cytochem 42: [815] [816] [817] [818] [819] [820] [821] [822] 1994) KEY WORDS: In situ hybridization; Electron microscopy; Light microscopy; Double hybridization; Immunocytochemistry; Immunological detection; Digoxigenin; Biotin; Antibody-colloidal gold conjugates.
quickly test the suitability of a given specimen or probe for ISH and, in general, to optimize ISH conditions. Previously, we and others have found that riboprobes are preferable to DNA probes for EM-ISH (10,11,23) and that the immunological detection of the biotin label gives a higher labeling intensity and lower background compared with detection by streptavidin (23). Only recently, anti-digoxigenin (DIG) antibody, labeled with colloidal gold, became commercially available. Existing reports described the application of the indirect method (22) or the use of self-made anti-DIG conjugate (12) for detection of DIG-labeled probes. Therefore, in the present study we wanted to evaluate and compare DIG and biotin as labels of riboprobes and direct vs indirect immunological detection of the label. Since colloidal gold is considered the marker of choice in EM in situ methods, different sized (0.8-10 nm) colloidal gold tagged to the detecting antibody (Ab) was included in our comparison, together with the utility of three silver enhancement protocols for enlargement of ultra-small gold grains.
As a result of this comparison, we present a streamlined LMand EM-ISH protocol which is easily adaptable for simultaneous double-labeling EM-ISH with two different probes on the same section as well as for combination of EM-ISH with EM immunocytochemistry (IEM). All protocols can be followed with commercially available detection systems.
Materials and Methods
Cells and Virus. The experiments presented were done while investigating several aspects of poliovirus replication (6,7). Therefore, we used RNA of poliovirus Type 1 (Mahoney) in poliovirus-infected HEp-2 cells as hybridization target. Cells and virus were grown in suspension cultures as described previously (7); moi was 30 pfu per cell.
Fixation and Embedding for ISH and E M . Cells were fixed with 2 % paraformaldehyde and 0.04 % glutaraldehyde, followed by uranyl carbonate fixation as described (4). Depending on the antigen to be demonstrated by IEM, glutaraldehyde must sometimes be omitted (22) . After dehydration in dimethylformamide. embedding was in Lowicryl K4M ( h i ; Waldkraiburg, Germany) according to Altman et al. (1) or in LR Gold (London Resin Company; London, UK) at -2O'C (2).
Preparation of RNA Probes. Plus strand-specific RNA probes were made as described (22). Briefly, from poliovirus Type 1 cDNA (full-length clone pVR106) (19), two fragments were cloned into pGEM-3 transcription vectors. After linearization, RNA probe P1 (nucleotides 2099-1639) and probe P2 (nucleotides 4600-4061) were produced by in vitro transcription with T7 RNA polymerase (Boehringer Mannheim; Mannheim, Germany) according to the manufaaurer's instructions. Biotin-16-UTP or digoxigenin-ll-UTP (both from Boehringer) were incorporated during transcription. Incorporation of label into the transcripts was tested on Northern blots, for biotin with the BlueGene kit (BRL; Gaithersburg, MD) and for DIG with alkaline phosphatase-conjugated anti-DIG antibody (Boehringer). The amount of RNA synthesized was monitored by [3H]-CTF' incorporation and calculated according to data sheet #18018B (BRL).
In Situ Hybridization for EM and LM. For EM-ISH, ultra-thin sections were collected on parlodion-carbon-coated gold grids. Without any pretreatment of the sections, the grids were placed, sections down, on 10 pl of hybridization solution containing 50% formamide, 4 x SSC (1 x SSC is 150 mM NaCI, 15 mM Na-citrate, pH 7), 0.5 mg/ml yeast tRNA, and 0.5-1 pglml labeled RNA probe. The concentration of riboprobe was previously found to give an optimal signal-to-noise ratio (23.24). Hybridization was allowed to take place for 6.5 hr at 45'C in a petri dish, humidified with formamide-SSC in the same concentration as used in the hybridization solution. For LM-ISH, 0.5-pm sections were collected on poly-Llysinecoated glass slides, acetylated (8). covered with hybridization solution as for EM, and sealed with a sterilized coverslip and rubber cement. Hybridization was performed at 45'C overnight. Controls for specificity of the hybridization were: ISH with a non-related riboprobe derived from vaccinia virus; omission of probe; and poliovirus-specific ISH on specimens containing a mixture of infected and non-infected cells (23).
Visualization of Biotinor DIG-labeled ISH Probes. All labeled and unlabeled antibodies (Ab) used are commercially available. They are listed in Table 1 . After hybridization, grids or slides were washed four times for 10 min at room temperature (RT) in PBS (NaCI 340 mM. KCI 7 mM, NazHP04 3.7 mM, KH2P04 19 mM). Sections were blocked for 20 min with TBS-BSA (20 mM Pis-HC1, pH 8.2,0.9% NaCI, 0.1% bovine serum albumin) containing 5% non-immune serum. The blocking serum was usually taken from the same animal species in which the gold-labeled antibody was produced (Table 1) .
For direct immunodetection, the sections were then incubated for 60 min on anti-DIG or anti-biotin gold-labeled Ab (Aurion; Wageningen, The Netherlands), diluted 1:20 in TBS-BSA. For indirect labeling, the sections were incubated first for 60-90 min on unlabeled anti-biotin Ab (Boehringer or Pierce, Rockford, IL) or on anti-DIG Ab (Boehringer), with the dilutions being empirically optimized according to the suggestions of the manufacturers. After two washings in TBS-BSA, specimens were incubated for 60 min on gold-labeled anti-species Ab (Amersham International; Poole, UK) diluted 120 in TBS-BSA. The protocols for direct and indirect labeling end with washing in TBS-BSA (two times for 5 min) and rinsing briefly with distilled water. For LM-ISH, probe detection was performed with the direct method and 6-nm gold-labeled anti-DIG or antibiotin Ab (Aurion).
Silver Enhancement and Staining of Sections. For EM-ISH, the size of the 0.8-and 1-nm gold grains was increased with the L4 silver enhancement method (3,J) or with the commercial IntenSE M (Amersham) or RGent (Aurion). The sections were then fixed with 2% glutaraldehyde in PBS for 15 min to minimize loss of gold label during staining with 4% aqueous uranyl acetate for 10 min at RT (LR Gold) or 37°C (Lowicryl). The preparations were stained with lead hydroxide (16) for 2 min before being viewed in a Siemens Elmiskop 102 electron microscope.
For LM-ISH, the size of the gold grains was increased with the L4 silver enhancement method ( 5 ) modified for LM (22) . After fixation, the slides were stained with toluidine blue.
Double EM-ISH with Two Probes and EM-ISH Combined with E M on the Same Section. Double hybridization was performed with a mixture of a biotin-and a DIG-labeled probe simultaneously. The probes were then immunodetected by the direct and/or the indirect method as described a h . Table 2 lists possible combinations of immunodetection steps.
In combining ISH and IEM, hybridization was performed first before antigen and probe were detected immunologically (Table 3) . Indirect IEM with monoclonal antibodies (MAb) against poliovirus proteins (19) and goldlabeled goat anti-mouse Ab (Amersham) was performed as described (3.4). If indirect immunodetections are to be performed, care must be taken to use a blocking serum that is not recognized by a gold-labeled anti-species Ab (see Tables 2 and 3 ). 
Table 1, Commerclal/y available antibodies and antibody-gold conjugates

Results
Comparison of DIG and Biotin as Marhers
In preparing P1 RNA probes, we found that the amount of RNA synthesized was comparable for transcription reactions containing either biotinor DIG-UTP (not shown). Testing the riboprobes on Northern blots revealed the expected identical length for both probes of 460 bases. The DIG-labeled probe, however, showed a higher staining intensity on the blot. This might be due either to a better incorporation of DIG-UTP into the RNA or to a higher sensitivity of the DIG detection system on the blot. The relative sensitivity of biotin-and DIG-labeled probes for in situ hybridization was assessed by LM-ISH on semi-thick sections. The hybridization was performed using the probes in serial fivefold dilutions (1:50-1:150,000). The direct detection was done with 6-nm gold-labeled anti-biotin or anti-DIG Ab, visualized in the LM by a modified L4 silver enhancement reaction (22). The biotin-labeled probe showed a slightly higher amount of silver grains over the cytoplasm of the infected cells (Figures la and lb) . This effect was visible only at higher dilutions (>1:6250) and was marginal.
In EM-ISH performed with biotin-or DIG-labeled probes of the same concentration and direct probe detection with 6-nm goldlabeled Ab, and DIG-labeled probe showed a higher number of grains per signal (Figures 2a and 2b) . A signal was defined as a cluster of gold grains containing between three and the theoretical maximum per probe molecule of -30 grains (22). The higher grain number per signal results in a better visibility of the DIG signal Table 3 . Detection systems for ISH combined with IEMa compared with that of biotinylated probes. This was felt to be especially important for iead-stained sections with relatively high contrast, as used in this study.
Background obtained with DIG-labeled probes was lower than with biotin-labeled probes, as determined by counting grains lying singly or in doublets over the cytoplasm. In the experiments reported here, DIG-labeled probes yielded a background of 6.1 3.1150 pm2 and biotin-labeled probes of 12.3 f 4.5/50 pm2.
Comparison of Direct and Indirect Immunogold Methods
No difference was found in background between direct and indirect immunodetection. The aspect of the signal, however, was quite different between the two methods, regardless of whether biotin or DIG was the marker. Figure 3 shows that the signals of the indirect method occupy a larger area, with the individual grains being spaced 10-15 MI apart (twice to three times the diameter of the grains). In the direct method ( Figure Zb) , the signals are compact, with the grains -5 nm apart. Clearly, resolution with the direct method is better and the signal can be attributed to structural details with higher confidence. For low-power electron micrographs, however, the indirect method may be preferable, particularly if silver enhancement for increased visibility of the signal at low magnification is performed (5). In this case, the signal of the indirect detection becomes more distinct, with more grains per signal due to less coalescence during enhancement of the wider spaced individual grains (not shown). 
Comparison of Ultra-small 6-nm and IO-nm Gold Label for Direct Signal Detection in EM-ISH
Less steric hindrance and less electrostatic repulsion of the small 0.8-or 1-nm gold grains should, in theory, lead to higher labeling intensity, i.e., more gold grains per signal. The small size of the gold grains, however. necessitates enhancement of the grain size for adequate visibility, even at high magnifications. Figure 4 shows enhancement of ultra-small gold grains after direct detection. Two still unsolved problems arose. First, a higher labeling intensity, if it occurred at all, was clearly annihilated during the enhancement process, because individual grains tended to coalesce (Figure 4a) . Second, the higher the grain density, the more grains per cluster appeared to be enhanced inadequately or not at all (Figure 4b ) (14.20). These effects can be counteracted to a certain extent by the indirect method but, as pointed out above, this leads to a decrease in resolution. An additional drawback of the ultra-small gold label is that none of the tested silver enhancement protocols works reproducibly with gold grains of less than 5 nm. In accord with Stierhof et al. (20) . we found that all methods produced irregularly shaped silver grains of mostly unpredictable size, which again impaired resolution ( Figures 4a and 4b) . Therefore, we feel that at least for EM-ISH with sectioned specimens, the use of ultra-small gold label has few if any advantages and substantial drawbacks.
In comparing 6-nm and 10-nm gold label, we found no significantly reduced labeling intensity (grains per signal) for the larger gold size (compare Figures 2b and 5 ) . Therefore, steric hindrance and repulsion phenomena do not seem to play an essential role, so that, from the point of view of labeling intensity, 6-and 10-nm gold label can be considered interchangeable. There is, however, a considerable difference in visibility, depending on the magnification used.
Detection Systems for Doubie EM-ISH with Two Probes and for EM-ISH Combined with IEM
Although differing somewhat in sensitivity and signal intensity, biotin-and DIG-labeled probes are both useful for EM-ISH. Therefore, EM-ISH with two probes labeled differently and recognizing two different targets or two regions in the same target is feasible. Figure 6a shows a double EM-ISH with the DIG-labeled P1 and the biotinylated P2 probe, each recognizing a different region of the poliovirus plus-strand RNA. Both probes were detected by the direct method, the anti-DIG Ab being tagged with 10-nm and the anti-biotin Ab with 6-nm colloidal gold. Eble 2 shows combinations of possible detection steps that can be performed using the commercially available Ab listed in Materials and Methods (Tible 1). Figure 6b shows the combination of ISH with IEM using different sized gold grains for direct ISH probe detection and indirect IEM. Combinations of detection procedures for ISH combined with IEM are listed in Table 3 . Immunodetection of the ISH probe can be performed with the direct or the indirect method, whereas for IEM in most cases the indirect method will be performed, since it is not customary to gold-label a panel of MAb.
With both combinations, double ISH or ISH combined with IEM, two immunodetection steps are involved (Tables 2 and 3) . In using twice the direct detection method or either combination of direct and indirect detection, it is possible to shorten the detection protocol by mixing either the two primary or the two goldcoupled Ab for simultaneous incubation.
In performing twice an indirect immunodetection method, the following precautions must be taken. If the two primary Ab are from the same species, it is necessary to inactivate the gold-labeled anti-species Ab used in the first detection step before performing the second immunodetection. This prevents those Ab molecules on a gold grain that are not involved in immune complex formation from binding the primary Ab used in the second detection step (5). Likewise, inactivation of the anti-species Ab in the first detection step is necessary if one of the two anti-species Ab used is directed against the species of origin of the other anti-species Ab (Ebles 2 and 3) . Such inactivation can easily be accomplished (3) by covering up the gold-attached antibodies with the L4 silver enhancement procedure (5) performed after the first detection step.
Discussion
Sections cut from Lowicrylor LR Gold-embedded biological material represent very suitable specimens for ISH. Frozen sections may exhibit a somewhat higher labeling density, but Lowicryl or LR Gold sections exhibit better ultrastructural preservation (25). Furthermore, no pre-treatment of sections is required and light as well as electron microscopic ISH can be performed according to the same easy-to-follow protocol.
The commercial availability of gold-labeled anti-biotin Ab and the recent introduction of gold-labeled anti-DIG Ab makes the direct method for signal detection feasible and renders ISH additionally straightforward. In EM, we found DIG as a label of the hybridization probe slightly preferable over biotin, mainly because its higher grain number per signal and lower background facilitate signal recognition, The higher labeling intensity does not show up in LM-ISH, since in LM a signal consists of one silver grain, arising during the silver enhancement procedure from a cluster of grains produced by one probe molecule. Our experiments, however, do not indicate if the superior results with DIG in EM were obtained because our RNA probe was labeled to a higher specific activity or because the DIG-detecting antibodies are of higher affinity. Whatever the case, it is important to stress that the results were obtained with, and are thus inherent in, commercial products, on which most researchers will have to rely.
We could not find a significant difference in labeling intensity of 6-and 10-nm gold label. However, there is clearly a ddference in visibility at low and medium magnification, and therefore the choice of the size of the gold label can primarily be made based on the magnification to be used. Grains of 0.8-1 nm are too small to be adequately visible at EM magnifications commonly used for sections. The available methods for enhancement, however, are unreliable for ultra-small grains. The L4-silver enhancement method (3,5), which works very reproducibly with gold grains of 5 nm and larger, in our hands gave the best, although not entirely satisfactory, results. Other enhancement protocols show even higher variations in reproducibility of size and outline of the grain.
There are important differences in the EM aspect of the signal produced by direct or indirect immunological detection of the labeled hybridized probe (Figures 2b and 3) . The decision about which method to chose depends, again, primarily on the electron optic magnification range to be used. With the direct method, remlution is higher, and therefore direct detection is preferable for medium and high magnifications.
The EM-ISH method presented can conveniently be extended for double-labeling experiments, either with two probes or as a combination of ISH and IEM. The separate detection of the respective targets in the same section is feasible through the use of different gold grain sizes coupled to commercially available Ab. Such multiple labeling experiments should have a wide application, one example being the simultaneous localization of distinct regions of viral RNA and of viral proteins in infected cells (22).
In conclusion, we prefer the following labels and detection systems for EM-ISH. As a label of the probe, DIG is slightly preferable over biotin. At high (above x 25,000) EM magnification, direct detection with Ab coupled to 6-nm gold, at medium magnification ( x 10,000-25,000) direct detection with 10-nm gold, and at lower magnifications, indirect detection with 5-6-nm gold, followed by silver enhancement, are optimal. For double-labeling experiments, the protocols are simplest iffor double ISH twice the direct method and for the ISH-IEM combination direct ISH followed by indirect IEM are performed. 
